The electronic structures of the five radicals resulting from homolytic elimination of one of the hydrogen atoms from the most stable tautomeric form of neutral pterin were investigated in gas phase as well as in aqueous solution. Molecular wave functions obtained by density functional theory were analysed by quantum theory of atoms in molecules and electron localisation functions (ELF). Spin densities of the radicals as well as electrostatic potential functions were analysed. Radicals resulting from elimination of N-bonded hydrogen atoms are more stable in comparison with radicals obtained after abstraction of C-bonded hydrogen atoms. N-centred radicals show strong delocalisation of spin density over both heteroaromatic rings; in C-centred radicals delocalisation does not occur. ELF analyses showed that in N-derived radicals particularly the lone electron pair at N 2 ′ is strongly involved into the bicyclic heteroaromatic π-electron system. Thereby, bonding geometry at N 2 ′ in these radicals changes from pyramidal to planar. Transition from gas phase to solution phase (water) generally leads to increased polarity of the structures. Pterin-derived free radicals have been implicated in several biologically important reactions; so this investigation provides first insights into the detailed electronic structures of such molecular systems.
Introduction
The heteroaromatic compound pteridine (pyrazine-[2,3-d]-pyrimidine) contains four ring nitrogen atoms which are responsible for a remarkably complex chemical behaviour of pteridine itself and also of the many derivatives thereof. A large variety of pteridine derivatives occur in apparently all living organisms, exerting a multitude of different biochemical/biological functions that are only partially understood. In several investigations, pteridine radicals have been detected experimentally, or at least pteridine derivatives were observed to modulate the reactivity of other free radicals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Recently, several studies were published reporting on the results of quantum chemical calculations of the detailed electronic structures of pterin (2-amino-3H-pteridine-4-on) and derivatives employing density functional theory (DFT) with reasonably sized basis sets [19] [20] [21] [22] . In the present investigation, I report on such calculations extended to the five radicals derived from the most stable tautomeric form of neutral pterin by homolytic elimination of each one of the five hydrogen atoms present in pterin. In order to get a sound understanding of the effects of radical formation on the pterin molecule, detailed analyses of the resulting wave functions using quantum theory of atoms in molecules (QT-AIM) [23] and the electron localisation functions (ELF) [24] , as well as evaluations of spin densities and electrostatic potential functions (ESP), are provided. All analyses were performed in gas phase and in polar solution phase (solvent water).
Materials and methods

Computational strategy and computer software
Reasonable starting geometries of the five radicals were derived from the minimum energy structure of the most stable tautomer of pterin as obtained in my previous paper [21] simply by successively removing each one of the five hydrogen atoms. These structures were then employed as input geometries for a geometry optimisation at the UBecke3LYP/6-31G(d) level of theory, using the GAUSS-IAN suite of quantum chemistry programs (Gaussian G09W, version 9.5, Gaussian Inc., Pittsburgh, PA, USA). In order to ensure that the geometries found are indeed minimum energy structures, frequency calculations were performed at the same level of theory. As for all structures exclusively positive vibrational frequencies were obtained, all results shown in this paper refer to true minimum energy geometries.
The subsequent computations of final electronic energies, molecular wave functions, electron density distributions and ESP functions for each radical were done using G09W software at the UBecke3LYP/6-311+G(2d,p) level of theory: as shown in [25] , the chosen level of theory yields quite accurate results while at the same time being computationally feasible also for medium-sized molecules. Notably, all quantum chemical computations were performed in the gas phase as well as in aqueous solution phase: here, the solvation model based on density (SMD) method [26] was employed. The SMD model is a continuum solvation model based on quantum mechanical charge density of a solute molecule interacting with a continuum description of the solvent. Full electron density is employed without defining partial atomic charges. The model is universally applicable to charged or uncharged solute molecules in any solvent for which a few key descriptors such as the dielectric constant, the refractive index, the bulk surface tension and the acidity and basicity parameters are known.
A possible problem in unrestricted quantum chemical calculation is spin contamination, i.e. the artificial mixing of different electronic spin states. DFT results generally appear to be less sensitive to this problem than Hartree-Fock models [27] . In order to judge if spin contamination might have an effect on the reported results, the deviation of the average expectation value < S 2 > from its eigenvalue S(S+1) = 0.75 (for pure doublet states with S = 1/2) was recorded for all radical structures.
In-depth QT-AIM analysis (computation of the critical points of the electron density functions as well as the molecular graphs and the gradient paths) and visualisation of QT-AIM results (atomic partial charges and numerical estimates of spin densities integrated over the atomic basins of attraction as well as bond delocalisation indices) were done using the program AIMStudio Version 13.11.04 Professional (TK Gristmill Software, Todd A. Keith, Overland Park, KS, USA).
The delocalisation index is obtained from the Fermi hole density. It is a measure of the number of electrons that are shared or exchanged between two atoms or basins of attraction, and it is directly related to the bond order; a study [28] has shown a linear relationship between both measures for CC, NN, GeGe, C-Si, C-Ge and CN bonds.
The Figure 1 shows the chemical formulae of pterin and the five radicals derived thereof. For pterin, also the conventional numbering system of the second-row atoms is given. Further, the two hydrogens at N 2 ′ are labelled "a" and "b" in order to distinguish the two possible radicals derived by their homolytic elimination. The five radicals derived from pterin by homolytic elimination of a hydrogen atom are, consequently, labelled "N(3)", "N(2′) a ", "N(2′) b ", "C(6)" and "C(7)". The geometries of all radicals were optimised using Ubecke3LYP/6-31G(d) level of theory; by frequency analyses, all optimised geometries were shown to be true minimum states. The final electronic energies of the five radicals, obtained with the extended basis set 6-311+G(2d,p) using the optimised geometries, are listed in Table 1 for the gas phase as well as for the aqueous solution phase. The table in addition gives the comparison of these energies (plus the energy of a free hydrogen atom) with that of the most stable tautomer of neutral pterin, computed at the same level of theory [21] . Interestingly, the relative ordering of the radicals according to their stabilities is slightly different in gas phase as compared to solution phase: in the gas phase, the most stable radical is radical N(2′) a , followed by N(3) (+4.8 kcal/mol) and N(2′) b Figure 1 : Chemical formulae of pterin and the five radicals derived thereof by homolytically removing, one by one, each of the five hydrogen atoms. In the formula of pterin, the conventional numbering system of the atoms is included. (+6.0 kcal/mol). The C-centred radicals C(7) (+8.7 kcal/mol) and C(6) (+11.0 kcal/mol) are more unstable than the N-centred structures. In water, however, the most stable radical is N(3), slightly more stable than N(2′) a (+0.7 kcal/mol) and N(2′) b (+1.4 kcal/mol). The energy gaps to the C-centred radicals are, again, quite substantial: C(7) (+7.1 kcal/mol) and C(6) (+9.6 kcal/mol). Table 1 also permits a comparison of the electronic energies of the five radicals in gas phase versus solution phase: N(3), −24.0 kcal/mol; N(2′) a , −18. 6 kcal/mol; N(2′) b , −23.9 kcal/mol; C(6), −20.6 kcal/mol and C(7), −20.9 kcal/mol. Thus, stabilisation of the molecules by solvation with water is largest for N(3) and smallest for N(2′) a , which explains the changed stability order in gas versus solution phase.
Results and discussion
Importantly, while neutral pterin as well as the C-centred radicals C(6) and C(7) exhibit non-planar geometries at the N 2 ′-atom, the three N-centred radicals show strictly planar structures. For neutral pterin, the pyramidal bonding geometry at the N 2 ′ atom was already described earlier [21] . To describe the pyramidal bonding geometry, the torsional angles N 3 -C 2 -N 2 ′-H a (α) and N 1 -C 2 -N 2 ′-H b (β) are used: in the gas phase, neutral neopterin has α = −32.6° and β = 11.6° (note that both hydrogens are situated on the same side of the plane of the pterin ring; the different signs of the torsional angles are just due to their specification). In solution phase, α reduces to −16.9°, and β rises to 13.6°. For radical C(6), we find in the gas phase α = −32.6° and β = 11.5°, while in aqueous solution phase α = −17.0° and β = 13.4°. Similarly, in C(7) in the gas phase α = −29.6° and β = 11.5°; in solution phase, α = −10.2° and β = 8.6°. In contrast, in the three N-centred radicals these torsional angles are invariably smaller than 1°.
Spin contamination, a possible problem in such calculations, was quite small in all cases; the expectation value < S 2 > did not deviate markedly from its ideal value of 0.75 for a pure doublet state: radical N(3), 0.7856 (gas) and 0.7778 (aqueous solution phase); radical N(2′) a , 0.7899 (gas) and 0.7893 (aqueous solution phase); radical N(2′) b , 0.7910 (gas) and 0.7895 (aqueous solution phase); radical N(6), 0.7559 (gas) and 0.7561 (aqueous solution phase); and radical N(7), 0.7555 (gas) and 0.7555 (aqueous solution phase). Figure 2 shows, for pterin as well as the five radicals derived thereof, the molecular graphs together with the atomic partial charges obtained by applying QT-AIM to the wave functions of the energy-minimised geometries of the molecules in the gas phase (black numbers) and in the aqueous solution phase (red numbers, if different from the gas phase). (Ring critical points as well as ring paths were intentionally not drawn in order to improve clarity.) With few exceptions, most partial charges are larger in solution phase. Thus, the aqueous solution leads to increased polarity of neutral pterin as well as of the radicals. The strongest increase in (negative) partial charge is seen for the oxygen atom in N(3); this is in accordance with the fact that this radical experiences the largest solvation energy and becomes the most stable radical in solution.
The partial charges of most atoms, shown in Figure 2 , do not change greatly when passing from neutral pterin to one of the radicals. However, as Figure 3 demonstrates, effects of radical formation on the ESP functions in every case are observable: the regions with negative ESP become spatially more extended. This is not surprising because hydrogen atoms bonded to nitrogen atoms (and, to a lesser extent, to carbon atoms) carry a positive partial charge. Removal of a hydrogen as neutral atom necessarily results in a redistribution of the electrons in the remaining radicals. The effects are stronger in the case of the N-centred radicals than in their C-centred counterparts, because the positive partial charges of hydrogens bonded to C atoms are considerably smaller than those bonded to N atoms. As Figure 3 additionally demonstrates, the transition from gas to aqueous solution phase also generally increases negative ESP regions, which is in line with the notion of stronger polarity in the solution phase.
In order to better understand the effects of radical formation on the bonding characteristics, Figure 4 reports the delocalisation indices of all bond critical points, indicating the respective bond strengths. Again, results obtained in the gas phase are denoted with black numbers, and results in solution phase (if different) are marked in red. Generally, the effects of radical formation on the delocalisation indices in the N-centred radicals in relationship to neutral pterin are much more pronounced and observable over larger distances than in the C-centred ones, indicating weaker mesomeric delocalisation in the latter:
In the N(3) radical, the bond strengths of the C 2 -N 3 bond, the N 3 -C 4 bond and the N 1 -C 8a bond are markedly increased in comparison with neutral pterin. Even the rather distant C 7 -N 8 bond shows still some strengthening. In contrast, the strength of the N 1 -C 2 bond is much weaker; the strengths of the C 8a -N 8 and the C 4a -C 8a bonds as well as of the C 4 -C 4a and the C 6 -C 7 bonds are somewhat lowered.
The strongest increase in bond strengths in the N(2′) a radical is seen for the C 2 -N 2 ′ bond; followed by the N 1 -C 8a and the N 3 -C 4 bonds; notable weakening ( < 0.05 change in delocalisation indices) occurs only for the N 1 -C 2 bond.
In the N(2′) b radical, too, the C 2 -N 2 ′ bond is markedly strengthened, and a weaker strengthening is seen for the N 1 -C 8a bond. The N 1 -C 2 bond is again much weaker, and some decrease in bond strength is noted for the C 8a -N 8 bond.
In the C(6) radical, the strength of the N 5 -C 6 bond is markedly increased, whereas the strength of the adjacent C 4a -N 5 bond is decreased; analogously, in the C(7) radical, the strengthening effect is large for the C 7 -N 8 bond, and a decrease is observed for the strength of the adjacent C 8a -N 8 bond. Thus, the formation of both C-centred radicals has practically no effect on the delocalisation indices in the pyrimidine moiety.
As a graphical representation of the effects of radical formation on the bonding details, Figure 5 shows ELF isosurfaces of pterin and the five radicals in the gas phase (in solution phase, the figures are essentially unchanged). In the N(3) radical we note that the lone electron pair at N 3 , being involved in a marked amide resonance with the adjacent C = O bond in pterin and in all four other radicals, now is much stronger located at the N 3 atom and no longer takes part in the bond system of the pyrimidine moiety. Thus, the observed strengthening effect on the C 2 -N 3 bond is mainly due to the partial formation of a new double bond involving the unpaired electron of N 3 and one electron of the original N 1 and C 2 double bond, formally leaving an unpaired electron on N 1 . The lone pair at N 3 is not involved in this new double bond. Moreover (and in accordance with the notion of the differences between non-planar and planar bond structures at N 2 ′ in the course of geometry optimisation), in the N(3) as well as in the N(2′) a and N(2′) b radicals, the ELF structure at N 2 ′ is symmetrical with respect to the molecular plane (planar geometry), while in pterin and in the two C-centred radicals C(6) and C(7) the ELF structure at N 2 ′ appears like a distorted tetrahedron in line with the non-planar geometry. Figure 6 shows the spin density functions of the radicals, represented by isosurfaces at spin densities +0.05 a.u. (blue) and −0.05 a.u. (red). A solution effect was seen only for radical N(3); the pictures showing the spin densities of the other four radicals in solution phase are virtually indistinguishable from those in the gas phase and are therefore not shown. The striking differences between the three N-centred and the two C-centred radicals become evident. Obviously, in the N-centred radicals there exists a remarkably strong delocalisation of the unpaired electron; in fact, not only the pyrimidine moieties where radical formation actually takes place but also the pyrazine parts show notable spin densities. As an extreme example for the delocalisation, note that in the N(3) radical in the gas phase, only a small portion of the positive spin density (0.07) is located at N 3 itself; about 0.40 is found at N 1 ; and the remaining positive spin density is observed at C 4a , C 6 , N 8 and O. This is even more so in aqueous solution, where the spin density at N 3 completely vanishes and spin density at the N 2 ′ atom is increased. In the N(2′) a and N(2′) b radicals, about 0.45 of the positive spin density stays with N 2 ′, and the remaining positive spin density is distributed between N 1 , C 4a , C 6 and N 8 . Interestingly, in these two radicals, no spin density is observed in the amide portion of the pyrimidine moiety. This may indicate that in these structures, the strong amide resonance between the N 3 atom and the (formal) C = O group prevents the (formally possible) inclusion of the O atom in the delocalisation of the unpaired electron due to the predominantly singlebond character of the carbon-oxygen bond. This feature clearly distinguishes the N(3) radical from the latter two radicals. In all cases, the spin density isosurfaces show the typical symmetry characteristics of π-electrons, indicating that the delocalisation of the unpaired electron occurs exclusively via the π-electron system. In contrast, delocalisation of the unpaired electron is very weak in the C-centred radicals; the overwhelming portion of the positive spin density (more than 0.70) remains located at the site of radical formation, and the remaining positive spin density is restricted to the immediate vicinity of the affected atoms. The pyrimidine parts remain completely unaffected from formation of the C-centred radicals. In comparison with the N-centred radicals, we note in addition that the symmetry of the spin density isosurfaces is markedly different from that observed in the N-centred radicals; obviously here the effects are influencing, if at all, only the neighbouring σ-bonds. (The negative spin densities [red isosurfaces] are -in absolute numbers -in all cases smaller than 0.10). Figure 7 finally provides a possible scheme of mesomeric structures for radical N(3) which may explain the spin density distribution of this radical as seen in Figure 6 . Similar schemes could be drawn for radicals N(2′) a and N(2) b . Interestingly, a non-vanishing spin density on N 2 ′ seems to require some transfer of electronic charge from this atom to the oxygen atom (via the vinylogous amide structure), and this resonance structure appears to be somewhat stabilised by aqueous solution, while at the same time the spin density on the oxygen atom is reduced. In addition it might be noted that in radicals N(2′) a and N(2) b , while an analogous resonance structure with spin density on the oxygen atom is formally equally possible as in radical N(3), such a structure obviously is not realisedin these radicals no spin density is present on the oxygen atom. For radicals C(6) and C(7), resonance structures involving the π-electron system cannot be drawn; consequently, the spin density can be "delocalised", if at all, only via the σ-electron system to the nearest neighbours of the affected C-atoms.
Conclusion
To the best of my knowledge, this is the first investigation on detailed electronic structures of radicals derived from pterin. In this paper, I have restricted attention to the five radicals resulting from homolytic elimination of hydrogen atoms from neutral pterin. Even in this limited selection of possible radicals, important features of such systems became evident, and distinct effects of solution in polar environment in comparison with the gas phase were found. An extension of this study towards the large variety of other pteridine systems in different oxidation states as well as in various ionic states would certainly be of considerable interest to enlarge the theoretical basis for understanding the complex chemistry and biochemistry of these substances under various conditions in terms of their electronic properties.
The investigation has revealed fundamental differences between the N-centred and the C-centred radicals of pterin: while in the former mesomeric delocalisation of the unpaired electron causes rather strong effects of radical formation essentially over the whole molecule, in the latter such delocalisation does not occur, and the effects of radical formation remain locally restricted. Solution in polar media like water generally increases polarities of the structures and causes noticeable shift in charge distributions and, partly, in distribution of spin densities. Particularly the analyses of quantum-chemically computed wave-functions by various techniques like QT-AIM and ELF estimation provide rich and detailed insight into the electronic and structural properties of such radicals.
Finally, this work provides further evidence that problems with spin contamination appear to have only minute effects in DFT modelling of pterin-derived radicals.
